The biochemical and morphological consequences of procollagen prolyl 4-hydroxylase inhibition by pyridine-2,4-dicarboxylic acid (2,4-PDCA) and its diethyl ester (diethyl-2,4-PDC) were studied in chick-embryo calvaria, which predominantly synthesize type I collagen. Half-maximal inhibition of tissue hydroxyproline formation required 650 IzM-2,4-PDCA, whereas the K, with respect to chicken prolyl 4-hydroxylase in vitro was 2 /M. In contrast, half-maximal inhibition was caused by 10 /tM-diethyl-2,4-PDC in the intact calvaria, although chicken prolyl 4-hydroxylase in vitro was not inhibited even at 1 mm. The collagenous material produced in the presence of diethyl-2,4-PDC showed an altered 'melting' profile and a lowering of the transition temperature by 10°C, indicating misalignment and thermal instability of its triple-helical structure. Amount and electrophoretic mobility of procollagen type I chains were increased in a dosedependent manner. The amounts of partially processed species and a-chains were decreased, without change in mobility. This marked effect on procollagen-collagen conversion in the intact calvaria suggests that the underhydroxylated collagenous material generated in the presence of diethyl-2,4-PDC is resistant to or acts as endogenous secondary inhibitor of type I procollagen N-proteinase. Electron microscopy of treated calvaria cells showed dilated rough endoplasmic reticulum and numerous phagolysosomes, indicating intracellular retention and lysosomal degradation of the newly synthesized underhydroxylated collagenous material. In summary, these results identify 2,4-PDCA and diethyl-2,4-PDC as the first prolyl 4-hydroxylase-directed inhibitor/proinhibitor pair that affects intra-and extra-cellular events during collagen formation.
INTRODUCTION
Recently, the structural isomers of pyridinedicarboxylate have received much interest as inhibitors of collagen hydroxylation [1] [2] [3] [4] [5] . By acting as 2-oxoglutarate analogues, they interfere with the activity of prolyl 4-hydroxylase (EC 1.14.11.2), prolyl 3-hydroxylase (EC 1.14.11.7) and lysyl hydroxylase (EC 1.14.11.4) [6, 7] . Structure-activity studies revealed that the pyridine-2-carboxylate moiety, by imparting metal-ion-binding properties [8] [9] [10] , selects for the metal-ion-dependent 2-oxoglutarate-binding site of the collagen hydroxylase while disfavouring interaction with 2-oxoglutarate dehydrogenase (EC 1.2.4.2) [7] of the citric acid cycle, an enzyme that shows metal-ion-independent 2-oxoglutarate binding [11] .
Prolyl 4-hydroxylase activity is crucial for conformation and secretion of interstitial collagen [12] . Pyridine-2,4-dicarboxylic acid (2,4-PDCA) is a less effective inhibitor of purified chicken prolyl 4-hydroxylase than the 2,5-isomer; the K1 values are 2.1 and 0.8 aM respectively [6] . Surprisingly, 2,4-PDCA was distinctly more potent than 2,5-PDCA in cell culture [13] . Both compounds did not compromise viability or general protein synthesis and did not produce degenerative ultrastructural changes even in millimolar concentrations. Such high concentrations, required to suppress cellular hydroxyprolyl formation, were attributed primarily to the minimal lipophilicity of these dianionic molecules [13] . Prolyl 4-hydroxylase is shielded by two lipid barriers, the cytoplasmic and the rough-surfaced endoplasmic membranes [12] . To dissect the individual contributions of each membrane barrier, the inhibitory effects of both isomers were studied in a microsomal prolyl 4-hydroxylase system isolated from chickembryo calvaria [14] . The endoplasmic membrane did not restrict access of 2,4-PDCA to the enzyme, but impeded access of 2,5-PDCA. This exclusion of the 2,5-isomer explained the discrepancy between the kinetic [6] and the biosynthetic [13] determination of the two isomers' potency. It also led to the suggestion that a 2,4-PDCA-specific transport system exists in the endoplasmic membrane [14] . The study identified the cytoplasmic membrane as the major barrier for the access of the polar 2,4-PDCA to prolyl 4-hydroxylase.
To overcome this barrier, we have synthesized the diethyl ester (diethyl-2,4-PDC) as a lipophilic derivative. We anticipated that this compound might act as a transport form of the lipophobic 2,4-PDCA, reconstituting it via intracellular hydrolysis and thus facilitating its access to the intracisternal target enzyme. We now report that diethyl-2,4-PDC, which does not inhibit purified or microsomal chicken prolyl 4-hydroxylase [14] , effectively suppresses not only procollagen hydroxylation and secretion, but also the procollagen-collagen conversion in intact chickembryo calvaria.
Abbreviations used: pro al (I) and pro oc2(I), al -and o2-chains respectively of procollagen type I; pC al (I), molecules of the a 1-chain of procollagen type I lacking the N-terminal extension peptide; pN alI(I), molecules of the al 1-chain of procollagen type I lacking the C-terminal extension peptide; 2,4-PDCA and 2,5-PDCA, pyridine-2,4-dicarboxylic acid and pyridine-2,5-dicarboxylic acid respectively; diethyl-2,4-PDC, diethyl pyridine-2,4-dicarboxylate; IC50, concentration of inhibitor yielding 5000 inhibition. * This paper is dedicated to Professor Hansgeorg Gareis on the occasion of his 60th birthday.
Synthesis of diethyl-2,4-PDC The synthesis of diethyl-2,4-PDC followed the published procedure [15] . An Calvaria were removed from 15-day chick embryos and washed for 3 min in Dulbecco's minimal essential medium at 37 'C. They were then transferred into Pyrex tubes (eight calvaria/tube) containing 3 ml of medium supplemented with 2 mM-glutamine, 6 #Ci of [U-14C]proline and various concentrations of 2,4-PDCA or diethyl-2,4-PDC. The samples were incubated for 1.5-6 h at 37 'C to monitor for time-dependent alterations of total proline incorporation and hydroxyproline synthesis. The experiment was terminated by placing the tubes in ice and separation of calvaria from the culture medium. The calvaria were washed once with 3 ml of fresh medium, which was then pooled with the incubation medium. BSA and phenylmethanesulphonyl fluoride were added (final concentrations 1 mg/ml and 6 ,tg/ml respectively). The calvaria were extracted for 16 h with 25 ml of 0.5 Macetic acid.
All samples were subsequently dialysed extensively against 0.5 M-acetic acid at 4 'C. Samples of equal volume were withdrawn for SDS/PAGE and the collagen conformation studies described below. The remaining material was freeze-dried, resuspended in 2 ml of 6 M-HCI and hydrolysed at 105 'C for 24 h. After evaporation of the acid, the samples were dissolved in 2 ml of water and used for the determination of proline incorporation and the hydroxyproline synthesis according to a standard procedure [16] .
Alternatively, calvaria were incubated with medium containing L-[U-14C]leucine (2,Ci/ml) as a marker of total protein synthesis. The culture conditions were identical with the procedure described above, and the radioactivity was measured directly after the hydrolysis step.
The extent of prolyl hydroxylation in collagenous peptides synthesized de novo was determined by dual-labelling the calvaria with [4-3H] proline (10 zCi/ml) and [U-_4C]proline (2,Ci/ml) for 3 h under the conditions described above and measuring the changes in the isotope ratio of a collagenase digest as described before [17] . The percentage of proline hydroxylation was calculated by using the formula:
1-(3H/14C ratio in collagenase digest/initial 3H/14C ratio) 100 Fraction of total tritium in 4-trans position of proline
Collagen conformation studies
To determine the hydroxyprolyl-dependent stability of the collagen triple helix, which imparts resistance to proteolysis, the temperature-dependent susceptibility of the synthesized collagenous material to tryptic digestion [18] [19] . After fixation in methanol/acetic acid/water (3:1:6, by vol.) the gels were processed for autofluorography according to the Bonner-Laskey method [20] . The dried films were exposed to Kodak X-Omat films at -70 'C. The individual species were identified by the use of unlabelled marker proteins and on the basis of a 2: 1 ratio of type I component a-chains in agreement with previously published data [21] [22] [23] . Densitometric quantification was kindly performed by Dr. G. Berscheid, Hoechst A.G., with an LKB UltroScan XL instrument.
Electron microscopy
Calvaria from 12-day chick embryos were incubated in the presence or in the absence of 25 ,M-diethyl-2,4-PDC for 4.5 h as described above. After fixation in 2.50% (v/v) glutaraldehyde buffered in 0.1 M-phosphate, the calvaria were cut into pieces of approx. 1 mm x 1 mm, and the fixation was continued in 1 % osmic acid in the same buffer. The samples were then embedded in Epon resin. Ultra-thin sections were contrasted with uranyl acetate and lead citrate.
Assay for prolyl 4-hydroxylase and lysyl oxidase Standard procedures were used in the purification of prolyl 4-hydroxylase from chick embryos [24, 25] , preparation of [4-3H]-proline-labelled protocollagen substrate and the assay of enzyme activity [26] . Lysyl oxidase activity was measured with a human recombinant tropoelastin substrate labelled with [4,5-3H] lysine [27] . In both the prolyl 4-hydroxylase and the lysyl oxidase assays, the release of tritiated water from the respective protein substrates was determined.
Partition ratios
Solutions (1 mM) of 2,4-PDCA or diethyl-2,4-PDC in 50 mmphosphate buffer, pH 7.4, were added to equal volumes of octanl-ol. After vigorous shaking, the u.v. absorbance (280 nm) of the aqueous phase was determined. The procedure was repeated until no further change of absorbance occurred. The partition ratio (octanol/phosphate buffer) was then calculated according to the formula: Effects of 2,4-PDCA and diethyl-2,4-PDC on hydroxyproline synthesis and total protein biosynthesis
The dose-response study of 2,4-PDCA revealed an IC50 of 650 #M after incubation for 2.5 h. This is of the same order of magnitude as the IC50 of the agent in human fibroblasts (2200 #M) [13] . Variation in the duration of the incubation period between 1.5 and 6 h resulted in no significant alteration of the doseresponse relation. Diethyl-2,4-PDC produced 50% inhibition of hydroxyproline synthesis at 10-20 uM, and 14.6 + 12.4 % inhibition at 1 ,UM (Fig. 1) . Correspondingly, the hydroxyproline content of the collagenase-digestible material was decreased in a dose-dependent manner (Table 1) . Total proline incorporation, which was used as a marker of total protein biosynthesis, was not affected in this study ( Table  2 ). In additional experiments, the incorporation of [14C]proline and [14C]leucine remained unchanged by diethyl-2,4-PDC at concentrations up to 0.5 mm and 1 mm respectively.
Biochemical and biophysical consequences of the deficient collagen hydroxylation
To assess the effects of the underhydroxylation, we studied the electrophoretic mobility of the collagenous material synthesized in the presence of diethyl-2,4-PDC and, as an indicator of its conformational state, its susceptibility to proteolytic degradation. The electrophoretic pattern of the acid-extractable material synthesized de novo revealed that the chick-embryo calvaria produced type I collagen. The procollagen acl-and a2-chains, the pC intermediates and the al-and a2-chains were shown to be present in the material extracted from control calvaria. Densitometry showed that about 65 % of the material consisted of completely processed a-chains (Fig. 2) .
The application of diethyl-2,4-PDC resulted in characteristic changes of this electrophoretic pattern (Fig. 2) . At 50 ,#M-diethyl- Relying on the trypsin+chymotrypsin technique [18, 28] , the midpoint of the thermal transition (Tm) was determined to be 40°C in the acid-extractable collagenous material from calvaria and 41 'C in material obtained from medium of untreated controls (Fig. 3) . Both thermal-transition curves showed a steep profile, indicating the presence of a homogeneous population of fully aligned triple-helical collagen molecules [28, 29] . Incubation with 25 /tM-diethyl-2,4-PDC for 3 h lowered the T., of the material synthesized de novo to 29°C both in the calvaria and in the supernatant (Fig. 3) . Such a lowering of T. has previously been shown to reflect significant hydroxyprolyl deficiency [18, 28] . Diethyl-2,4-PDC not only shifted the thermal-transition curve to lower temperatures, but also decreased its steepness. Complete helix-to-coil transition occurred in an interval of 5°C in the controls, but in an interval of 10°C in the treated samples. Such a change of the thermal-transition curve shape was shown to result from sample heterogeneity due to misaligned and partially renatured collagenous molecules [18, 29] . At the physiological temperature of 37°C, all the acid-soluble collagenous material synthesized in the presence of diethyl-2,4-PDC is in a proteinasesusceptible state (Fig. 3) .
Morphological consequences of deficient collagen hydroxylation
In order to assess morphological indicators of disturbed collagen synthesis within the cells of the calvarial tissue, we studied their ultrastructural appearance in the absence and in the presence of diethyl-2,4-PDC. In the controls, the rough endoplasmic reticulum, the intracellular site of the posttranslational modification of collagen, appeared as an assembly of parallel membranes enclosing a lumen of remarkably uniform width. This lamellar structure almost completely disappeared on incubation with 25 /%M-diethyl-2,4-PDC for 4.5 h. This treatment generated a diffuse distribution of rounded individual organelles with diameters up to approx. 1 sm and ribosomes still present at the cytoplasmic surface (Fig. 4a) . The parallel-sheet structure of the rough endoplasmic reticulum was found to be continuous with areas of vesicular dilation (Fig. 4b) . Exposure to diethyl-2,4-PDC also led to the formation of membrane-bounded vesicular elements containing electron-dense material of diverse morphology (Fig. 4a, arrows) . These structurally prominent elements were induced by exposure to diethyl-2,4-PDC, and closely resemble phagolysosomes. Exposure to diethyl-2,4-PDC was not associated with morphologically discernible signs of damage to or death of cells within the tissue of the calvaria. In particular, this lipophilic compound did not lead to interruption of cytoplasmic membrane continuity, did not produce degenerative changes in the cytosol or the nuclei, and did not affect mitochondrial structure.
DISCUSSION
The findings presented here suggest that diethyl-2,4-PDC, a derivative of a prolyl 4-hydroxylase inhibitor that itself does not affect the purified or microsomal chicken enzyme [14] , specifically suppresses hydroxyprolyl formation and collagen biosynthesis in chick-embryo calvaria in a dose-dependent manner. A timedependence reflecting the obligatory formation of an inhibitory molecule from diethyl-2,4-PDC could not be demonstrated under the experimental conditions employed. This may indicate that the required activation of diethyl-2,4-PDC occurs more rapidly than the metabolic labelling of protein used in this study to detect inhibitory effects. As microsomal preparations isolated from chicken bone do not show any diethyl-2,4-PDC-dependent suppression of hydroxyprolyl formation [14] , the generation of the inhibiting agent should occur outside the endoplasmic reticulum, but inside the intact calvaria cells. We suggest that 2,4-PDCA, generated in the cytoplasm from the inactive diethyl-2,4-PDC, mediates the observed suppression of collagen Inhibition of prolyl hydroxylation hydroxylation. The concept that diethyl-2,4-PDC functions as the bioactivatable transport form for 2,4-PDCA, and that these two compounds represent a proinhibitor/inhibitor pair, is also supported by the remarkably similar concentrations required for half-maximal inhibition of the purified chicken enzyme (2 4uM-2,4-PDCA) [6] , the microsomal enzyme prepared from chicken bone (5 ,M-2,4-PDCA) [14] and the enzyme in cells of intact chick-embryo calvaria (10 uM-diethyl-2,4-PDC). Diethyl-2,4-PDC is on a molar basis 65 times more potent than 2,4-PDCA and at least 10 5 . Activation of the proinhibitor diethyl-2,4-PDC and effects of the inhibitor 2,4-PDCA on collagen biosynthesis in the chick-embryo calvaria system, conceptualized in accord with the findings presented here and the previously published data from different laboratories 11,2,6,13,14,431 Black arrows, mode of action; hatched arrows, consequences; A, structurally non-specific permeation of the cytoplasmic membrane by the lipophilic proinhibitor; B, structurally specific permeation of the endoplasmic membrane by the hydrophilic inhibitor, facilitated by the 2,4-PDCAselective-uptake mechanism. The active prolyl 4-hydroxylase inhibitor 2,4-PDCA, itself efficiently excluded from the intracellular space by the cytoplasmic membrane, is enzymically generated in the cytosol from its inactive but lipophilic transport form diethyl-2,4-PDC. 2,4-PDCA then enters the intracisternal compartment via a structure-selective element in the endoplasmic membrane. A physiological ligand for the 2,4-PDCAselective-uptake mechanism in the endoplasmic membrane has not yet been identified. 2,4-PDCA, attaching to the co-substrate-binding site of prolyl 4-hydroxylase as a non-utilizable 2-oxoglutarate analogue (inset), arrests the enzyme's catalytic cycle before the formation of the ferryl ion, the reactive species effecting prolyl hydroxylation. The suppression of collagen hydroxylation leads to intracisternal accumulation of denatured non-helical collagenous material and produces the globular transformation of the rough endoplasmic reticulum (RER) (right). The intracisternal denatured collagenous material is transferred to the lysosomes for proteolytic degradation. A small proportion may be released. In the pericellular space, it should be resistant to type I procollagen N-proteinase, which requires native substrate conformation [211 and, because of this enzyme's sensitivity to denatured procollagen fragments [39] , may locally suppress its activity by acting as a secondary endogenous inhibitor. The Nterminally unprocessed collagen precursors, if triple-helical, interfere with fibril growth [42] . In a tissue containing both diethyl-2,4-PDC-sensitive and -insensitive cells, the latter secreting fully hydroxylated triple-helical procollagen, the defective procollagen N-proteinase activity could lead to the disturbance of fibrillogenesis.
used non-specific inhibitors of cellular collagen hydroxylation, such as metal-ion chelators [13] or proline analogues [30, 31] . In contrast with these agents, diethyl-2,4-PDC produced a dissociation of total amino acid incorporation and prolyl hydroxylation. A similarly selective effect has previously been demonstrated only for 2,4-PDCA [13] . Ultrastructurally, the pattern of a generalized dilation of the rough endoplasmic reticulum induced by diethyl-2,4-PDC, with other cellular elements morphologically unaffected, is identical with that described for 2,4-PDCA [13] . These experimental findings are compatible with our concept (Fig. 5) that the suppressive effect of diethyl-2,4-PDC on collagen hydroxylation is mediated through 2,4-PDCA, generated by cytoplasmic proinhibitor cleavage within the intact chick-embryo calvaria cells.
Our results with the diethyl ester of 2,4-PDCA differ in this important aspect from those reported for the ethyl ester of another prolyl 4-hydroxylase inhibitor, 3,4-dihydroxybenzoic acid. This agent, with a K1 value of 5,uM [33] , produced half- 474 Inhibition of prolyl hydroxylation maximal inhibition of cellular hydroxyproline formation at 3000 /M [34] , whereas its ethyl ester had the same effect at 270 /M [35] . 3,4-Dihydrobenzoic acid and ethyl 3,4-dihydroxybenzoate show identical efficacy with crude prolyl 4-hydroxylase [35] and identical K1 values with purified prolyl 4-hydroxylase (V. Giinzler, unpublished work) by virtue of their common o-dihydroxybenzene moiety, the only structural requirement for enzyme inhibition [33] . Thus esterification of 3,4-dihydroxybenzoic acid does not give a compound that meets the definition of a proinhibitor [36] . In contrast, esterification of 2,4-PDCA completely abolishes its suppressive effect on purified and microsomal chicken prolyl 4-hydroxylase [14] . Only in intact cells of chickembryo calvaria does the ester derivative give enzyme inhibition. Therefore it appears that the reconstitution of any inhibitory effect requires an intracellular but extramicrosomal metabolic event, the proinhibitor-inhibitor conversion. The collagenous material produced in the presence of diethyl-2,4-PDC displayed altered biophysical characteristics, which we interpret to result from underhydroxylation. The thermal-transition curve was shifted to lower temperatures. In the medium the interval required for complete helix-to-coil transition was doubled, indicating sample heterogeneity due to misaligned partially refolded molecules with triple-helical segments of various lengths [18, 29] . The electrophoretic mobility of procollagen acl-and a2-chains was increased in a dose-dependent manner, but the mobility of the pC species and a-chains remained unchanged (Fig. 2) . Similar migration abnormalities are known to result from compromised cellular prolyl hydroxylation, as caused by ascorbate deficiency [37] or iron depletion with 2,2'-bipyridyl [38] . These migration differences coincided with the decrease in hydroxyproline content (Table 1) .
Hydroxyproline deficiency strikingly affected procollagencollagen conversion too. The decrease in hydroxyproline content was associated with a proportional increase in procollagen chains and a corresponding decrease in proteolytically processed molecules, particularly pC species (Table 1) . This finding is in agreement with the observation that the pC-collagen-forming enzyme, type I procollagen N-proteinase (EC 3.4.24.14), accepts as substrate only triple-helical, i.e. fully hydroxylated, molecules [21] and is inhibited by non-helical, i.e. underhydroxylated, collagen species [39] .This joint decrease renders an independent inhibition of the extracellular type I procollagen N-proteinase unlikely. The IC50 for the suppression of pC a I (I) is about 10 /uMdiethyl-2,4-PDC, making this compound the most effective suppressor of pC collagen formation known at present, 3 times more potent than non-peptide [40] and over 100 times more potent than peptide inhibitors [41] of type I procollagen Nproteinase. The presence of N-terminally unprocessed helical collagen precursors in the pericellular space, a consequence of functional deficiency of that enzyme, is known to disrupt the selforganization of biomechanically functional collagen fibrils [42] .
The altered ultrastructure of the rough endoplasmic reticulum appears to be a consequence of underhydroxylation. Procollagen secretion is known to be delayed if the hydroxyproline-dependent formation of the triple helix is defective [12] , and the intracellularly accumulated non-helical and non-functional material is subsequently degraded in the lysosomal compartment [32] . 2,4-PDCA was shown to cause intracellular retention of underhydroxylated collagenous material, associated with dilation of the rough endoplasmic reticulum and the emergence of immunoreactive type I collagen in secondary lysosomes [13, 43] . The electron-microscopic findings reported here for diethyl-2,4-PDC also reveal marked dilation of the rough endoplasmic reticulum and lysosomal prominence, without any evidence for further morphological alterations.
2,4-PDCA lends itself to further modifications that give diverse proinhibitor molecules. Such latent inhibitors [36] may allow tissue direction of the suppressive effect on collagen formation: exclusively that cell population which converts an inactive proinhibitor into the active inhibitor is a target for fibrosuppression. Ultimately such 2,4-PDCA-derived fibrosuppressive agents with tissue-selectivity could offer new approaches to the treatment of localized excessive collagen formation, a characteristic of diseases such as lung fibrosis and liver cirrhosis.
